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POLYGENIC VARIATION AND STABILIZING SELECTION IN A WILD POPULATION OF LESSER SNOW GEESE (ANSER CAER ULESCENS CAER ULESCENS)
Polygenic characters are generally thought to be under selection for an intermediate optimum phenotype (e.g., Lerner 1954; Lack 1966; Lande 1976) . Since stabilizing selection tends to eliminate genetic variability (Wright 1935; Bulmer 1976 Bulmer , 1980 , and since the rate of change in the mean fitness of a population is proportional to the additive genetic variance in fitness (Fisher 1930) , most quantitative characters, particularly those with large effects on fitness, should exhibit little additive variance at equilibrium. As such, the large amounts of genetic variation present in natural populations (e.g., Lewontin 1974; Nevo 1978) contrast sharply with theoretical expectations.
A plethora of mathematical models has been developed to explain the persistence of adaptive genetic variation. Theoretically, variability can be maintained by mutation (Kimura 1965; Lande 1976) , frequency-dependent selection (Slatkin 1979; Bulmer 1980) , selection in heterogeneous environments (Levene 1953; Haldane and Jayakar 1963; Prout 1968; Ewing 1979 ), or migration (Bulmer 1971 Felsenstein 1976; Slatkin 1978) . Unfortunately, the generation of these models has far outdistanced their application. In this paper, we use a migration model to explain the persistence of additive variation for a polygenic trait in a colony of lesser snow geese (Anser caerulescens caertulescens) at La Perouse Bay, Manitoba.
The results of our analysis have been reported elsewhere Cooke 1982a, 1982b) , and are briefly summarized below. We examined phenotypic variation in the date, relative to the population mean, at which a female's eggs hatched ("relative hatch date"). Regression analysis indicated that about 44% ?-16% (1 SE) of the population variance in relative hatch date arose from a source of variation common to mothers and daughters. Although not directly testable, genotype-environment correlations are expected to contribute only marginally to the regression (Findlay and Cooke 1982a) ; hence, the observed heritability is a reasonable estimate of the relative amount of additive variance of the trait.
The relation between reproductive success and hatch date at the La Perouse colony is shown in figure 1. Reproductive success was estimated as the mean (? 1 SE) number of goslings a female successfully raised to the fledgling stage (see Findlay and Cooke 1982b) . These averages are also expressed as proportions of the value obtained for the relative hatch date with the greatest mean reproductive success ("relative reproductive success"). Figure 1 is strong evidence of stabilizing selection. The greatest reproductive success accrues to those females whose clutches hatched on or near the colony mean (i.e., hatching synchronously). Assuming approximate normality, a crude estimate of the intensity of selection is given by the variance of the fitness function relative to the phenotypic variance of Am. Nat. 1982. Vol. 120, pp. 543-547. ? 1982 the trait (Roughgarden 1979) . Comparison of curve a with the associated phenotype frequency histogram b indicates moderate selection for an intermediate optimum phenotype. The observed relationship between relative hatch date and reproductive success reflects the culmination of at least two discrete selective functions; one influencing the timing, the other the synchronization, of hatch. Curve a shows that synchronized hatching is of considerable adaptive value at the La Perouse colony. Both pre-and post-peak hatchers suffer reduced reproductive success, mainly because of increased predation rates (Findlay and Cooke 1982b) .
Given that selection tends to favor intermediate hatch date phenotypes, we would expect to find low levels of heritable variation for the trait in the population. Why then does a significant additive component still exist?
It is possible that the estimated heritability simply measures transient genetic variation. The recent climatic amelioration of the eastern arctic has exposed snow geese populations to new environmental conditions, altering gene frequencies for at least one known trait (Cooch 1961 (Cooch , 1963 . If the population is not at equilibrium, we might expect a reduction in the additive variance as the population evolves toward a new phenotypic optimum (Bulmer 1980) . Alternatively, our estimate may measure the amount of additive variance maintained in the population. In this context, we suggest that immigration plays a crucial role in the maintenance of genetic variability. Snow geese breed in geographically isolated colonies (segments) throughout the Canadian arctic. Pair formation occurs on the wintering grounds or during spring migration, where there is considerable intermixing of individuals from different segments. Hence, pairs often comprise birds of different geographical origin. The tendency of pairs to return to the female's natal colony to breed (Cooke et al. 1975) , results in a large influx of nonnatal males into each segment every generation. At the smaller colonies, including La Perouse Bay, immigration rates approach 50% per generation (Rockwell and Cooke 1977) .
While such massive gene flow probably precludes permanent local adaptation of the gene pool, gene frequencies may undergo temporary geographical differentiation in response to varying selection functions, effectively reducing the genetic correlation between segments at the time of pair formation. The equilibrium additive variance of a polygenic trait in an open population is, in part, determined by the migration rate in, and the difference between the optimal phenotypic values in the donor and recipient demes (Od -Or; Bulmer 1980). Since at the La Perouse Bay colony m -0.5, immigration may have a large effect on the equilibrium additive variance of relative hatch date (Slatkin 1978) , provided the trait is autosomally inherited.
If the relative reproductive success of a particular hatch date phenotype is determined solely by its synchronization (with other phenotypes), then stabilizing selection will act only to reduce the variance around the mean, and indeed, is independent of the mean's absolute value. This implies that where donor and recipient demes differ in their optimal phenotypic values, these values are set by some selection pressure other than for synchronization.
Other factors are important in determining hatch date variability, particularly at other colonies. Adverse weather conditions in the early fall occur regularly at higher latitudes and have been shown to result in the death of the goslings of late-hatching families (Barry 1962) . Under such conditions, pre-peak females, while presumably suffering by hatching asynchronously, nonetheless ensure a sufficient period for gosling development prior to migration. This interval is reduced as the hatch period progresses. The more robust goslings from earlyhatching clutches are more likely to survive the southward migration, and will contribute proportionately more to the breeding population of the next generation. Here, phenotypic variability is exposed to the two independent selection functions cited earlier; one based on the timing, the other on the synchronization, of hatch. If the optimum values (0t, 0s) set by the timing and synchronization selection functions (W[t], W[s], respectively) differ, the resulting variance is a function of their relative selection intensities and the optimum differential (Ot -Os). Assuming a normally distributed phenotypic density function, ot is simply the population mean (M); hence while W(t) tends to shift M toward Ot by favoring early hatching phenotypes (directional selection), W(s) acts to reduce the variance around M (stabilizing selection). When M = ot, stabilizing selection operates through both W(s) and W(t). Regardless of what the population's equilibrium mean (M) value is, W(s) will always tend to reduce the phenotypic variance of relative hatch date provided that intermediate (synchronous) phenotypes are always accrued the greatest reproductive success. Where colonies differ in M because of geographical variation in Ot, W(s) will act to reduce the genetic correlation between them.
Given the often large latitudinal separation of different segments of the total snow goose population (Dzubin et al. 1973) , Ot probably varies considerably between colonies. Moreover, W(s) may itself show some degree of intercolony variation. In several colonies, there is evidence of a degradation of the available food resources. Here, goslings hatched from synchronous clutches compete for food with a large group of conspecifics. Asynchronous broods, however, enjoy reduced competitive pressure and may accrue a greater relative fitness. Under such conditions, density-dependent competition may lead to disruptive selection favoring asynchronous phenotypes. Additive hatch date variation undoubtedly reflects underlying physiological variability. Genotypes may vary in their environmental response thresholds or stimulus-response lag times because of different hormonal levels. If the response in question is the initiation of egg production, this variation will translate into phenotypic variation in the time at which the clutches of particular genotypes hatch (Findlay and Cooke 1982a) . The different optimum values of the donor and recipient colonies would then represent different optimal hormonal titres.
We have demonstrated a significant additive component of variance for a quantitative trait subject to stabilizing selection. These empirical results contrast with theoretical expectations under the assumptions of a closed population at genetic equilibrium. A sufficient explanation for our observations may be generated if we relax one or both of these premises. Moreover, these explanations can be expressed as empirically testable hypotheses. If the population is not at equilibrium, we predict a reduction in the additive component of variance in subsequent generations. Alternatively, the hypothesis that genetic variability is maintained through male immigration is applicable only if (1) relative hatch date is a character that is not sex-linked to females and (2) the relationship between reproductive success and relative hatch date varies from colony to colony within a season. Thus, if we estimated fitness curves for several colonies, we would expect to find some with a maximum to the left, others to the right, of the mean relative hatch date.
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